Introduction {#s02}
============

The packaging of signaling molecules into vesicles gives exocytosis an intrinsically quantal character. In its simplest form, the fusion of a vesicle with the plasma membrane can be viewed as complete and instantaneous. Very rapid release can raise the concentration of a signaling molecule to high levels around the release site at the cell surface, creating an extremely steep gradient that collapses rapidly as signaling molecules spread out by diffusion. However, release is often graded and slow; a vesicle can release a variable portion of its content over an extended period of time. Partial release makes exocytosis subquantal, and slow release keeps the extracellular concentration from getting very high. Furthermore, most secretory vesicles contain multiple signaling molecules that may be released in different proportions and at different rates depending on the triggering signal.

The speed with which signaling molecules are secreted is determined by the fusion pore, which provides a narrow aqueous connection from the vesicle lumen to the extracellular space. As essential kinetic intermediates of membrane fusion, fusion pores are the natural object of studies of molecular mechanisms. For these reasons, fusion pores have been the subject of intense interest for many years ([@bib92]; [@bib77]; [@bib78]; [@bib52]; [@bib65]; [@bib113]; [@bib127]). A fusion pore must be quite narrow when it first forms, but it can expand to allow the vesicle membrane to merge with the plasma membrane. Tuning exocytosis can be achieved by stabilizing the pore in an intermediate state, by grading the speed of fusion pore expansion, by shrinking the fusion pore, or by closing the fusion pore to recover and recycle the vesicle. Synapses can achieve submillisecond speed and precise timing by opening and expanding fusion pores rapidly. In contrast, endocrine functions rarely depend on rapid release. Hormone diffusion through tissue, organ, or organism can take seconds or longer, so nothing is lost by spreading exocytosis out over time scales of hundreds of milliseconds or seconds. Endocrine release is tailored for flexibility and control; synaptic release is tailored for speed. Both neurons and endocrine cells use a canonical molecular complex ([@bib129]; [@bib86]), and it is fascinating that this basic complex can be adapted to such a wide range of functions.

Distinct functional needs translate into requirements for fusion pores with specific structures, permeabilities, and dynamic behavior. This article presents current knowledge about fusion pores with an emphasis on their molecular composition, dynamic transitions, and functional roles. Clues about fusion pores come from many sources, and a wide range of experimental approaches have provided glimpses into different aspects and properties. We will survey fusion pore structure, composition, and dynamics and emphasize the diversity of forms and behavior. Wherever possible, we will discuss the molecular basis and functional implications of fusion pore properties and diversity. Finally, we present a detailed analysis of synaptic release to illustrate the impact of pore state on biological function.

The fusion landscape {#s03}
====================

Fusion pores should be viewed within the broader framework of mechanisms of exocytosis. To fuse, a vesicle must contact the plasma membrane, and this contact must undergo structural transitions. [Fig. 1](#fig1){ref-type="fig"} illustrates the key intermediates that have been invoked, starting with a vesicle touching the plasma membrane (state 1). A contact becomes more intimate by establishment of a protein connection in which the proteins could be separate (state 2a) or associated (state 2b). State 2b could be viewed as a closed fusion pore, which could open to a proteinaceous pore (state 3). These structures require transmembrane domains (TMDs) of proteins in the vesicle and plasma membrane. A connection represented in state 2 could also evolve to a lipid stalk (state 4a), which can expand to a hemifusion diaphragm (state 4b). A lipidic fusion pore (state 5) is an essential intermediate in any model of membrane fusion, and its immediate precursor could be either state 3 or state 4b, or possibly even state 2, although this last route is more speculative. In a lipidic pore, the two membranes have fused, but the process is actually not complete at this point. Full merger to a single flat membrane requires that the lipidic pore expand (state 6). Possible transitions between these various states are indicated by arrows in [Fig. 1](#fig1){ref-type="fig"}, and most of these transitions are thought to be reversible. Expansion of state 5 to state 6 can also be reversed by a budding process performed by membrane curvature--inducing proteins, but reversal at this stage is irrelevant to the present focus. States 3 and 5 are fusion pores, and states 2 and 4 can become fusion pores. So fusion pores are where the action is with regard to mechanistic studies. The landscape illustrated in [Fig. 1](#fig1){ref-type="fig"} serves as a useful road map to the present discussion, and experimental studies of fusion can be interpreted in terms of these hypothesized structures.

![**Putative intermediates of membrane fusion and their transitions.** Transitions that are less relevant or speculative are indicated by dashed arrows. Protein elements are colored green. (1) A vesicle approaches the plasma membrane. (2) Proteins hold the vesicle and plasma membrane together, either through separate contacts (a) or through one central contact (b). (3) A proteinaceous fusion pore could form from a central contact as in 2b. (4) Lipid mixing of the outer (proximal) leaflets can begin, first through the formation of a stalk (4a) and then through the formation of an extended hemifusion diaphragm (4b) in which the fused proximal leaflets retract and leave a bilayer formed by the two distal leaflets. (5) A fusion pore formed by a contiguous lipid bilayer curved into an hourglass-like shape. (6) A greatly expanded lipid fusion pore on the way to complete merger of the plasma and vesicle membranes.](JGP_201611724_Fig1){#fig1}

Structure {#s04}
=========

There have been many attempts to use electron microscopy to observe the initial steps of fusion during exocytosis. The smallest pores captured between fusing vesicles and the plasma membrane have diameters of 8--20 nm ([@bib18]). Freeze fracture images show pores with a range of shapes and possibly without particles (no protein). There can be little doubt that even the smallest of these pores seen in the electron microscope consist of a contiguous lipid bilayer that curves smoothly to join the two fusing membranes ([Fig. 1](#fig1){ref-type="fig"}, state 5). However, the initial fusion pores inferred from conductance measurements must be smaller, with diameters \<1 nm (discussed below in Transport properties--Fusion pore conductance). Whether these pores are composed of lipid bilayer ([Fig. 1](#fig1){ref-type="fig"}, state 5) or protein ([Fig. 1](#fig1){ref-type="fig"}, state 3) remains unresolved.

Stimulation of synapses or endocrine cells generally induces fusion of only a small fraction of the available vesicles, so fusion pores are rare kinetic intermediates. This together with generally short lifetimes makes it especially difficult to capture fusion pores for structural work, and there are no structures of initial fusion pores from biological samples. So far, what little structural insight we have of early-stage pores was derived from studies of model systems with defined chemical compositions. The vesicle proteins synaptophysin and synaptobrevin associate into hetero-oligomers, and these complexes have been purified and studied with negative stain electron microscopy. Because one of the TMDs of synaptophysin is homologous to a connexin TMD, the gap junction Cx26 crystal structure was used to build a model in which 6 synaptophysin molecules and 12 synaptobrevin molecules form a ring-like arrangement ([Fig. 2 A](#fig2){ref-type="fig"}). The relevance of this structure to exocytosis remains unclear, but it has remarkable parallels with a model based on amperometric measurements of fusion pore flux in cells expressing synaptobrevin TMD mutations ([Fig. 4 B](#fig4){ref-type="fig"}). The model of the synaptobrevin--synaptophysin complex places synaptobrevin in two different configurations, with TMDs oriented differently relative to the pore axis. Of the four residues of the synaptobrevin TMD implicated as pore liners by amperometry ([@bib20]), two face into the pore lumen for one of the synaptobrevins in the structure, and the other two residues face into the lumen in the other synaptobrevin in the structure ([Fig. 2 B](#fig2){ref-type="fig"}).

![**A structural model of a synaptophysin--synaptobrevin complex.** The model was based on a study by [@bib1] and generated with PyMOL using a pdb file provided by M. Stowell. (A) The complete complex viewed from the vesicle lumen shows 6 synaptophysins (green) and 12 synaptobrevins (red) in a hexagonal formation. 12 synaptophysin TMDs and 12 synaptobrevin TMDs face inward and could line a fusion pore. (B) The TMDs of two synaptophysin and two synaptobrevin molecules are viewed from within the plane of the membrane. Residues highlighted in yellow were implicated as pore liners by amperometry experiments with synaptobrevin TMD mutants ([@bib20]); synaptobrevin residues 99 and 103 are highlighted on one chain, and residues 101 and 105 are highlighted on the other (compare with [Fig. 4 B](#fig4){ref-type="fig"}).](JGP_201611724_Fig2){#fig2}

The model in [Fig. 2](#fig2){ref-type="fig"} suggests that synaptophysin forms part of the fusion pore. Synaptophysin forms channels in lipid bilayers ([@bib121]), but a function in fusion pores was thought to be unlikely when a synaptophysin knockout was shown to have normal synaptic release ([@bib87]). Without synaptophysin, synapses have slower endocytosis ([@bib74]), and in endocrine cells, synaptophysin--dynamin interactions modulate release at a step downstream from the initial fusion pore ([@bib44]). However, genetic studies with synaptophysin are complicated by the presence of three homologous proteins that could substitute for synaptophysin ([@bib8]). Recent amperometry experiments in chromaffin cells have demonstrated that molecular manipulations of synaptophysin produce significant changes in fusion pore properties (unpublished data).

Although the synaptophysin--synaptobrevin model in [Fig. 2](#fig2){ref-type="fig"} is intriguing, it implies a pore that is too large. A total of 24 TMDs line the putative pore, including 12 molecules of synaptobrevin. Estimates of the number of SNARE molecules required for fusion vary widely but are generally much lower (discussed below in Composition--SNARE number). Fusion pore conductance measurements (also discussed below in the same section) indicate that the pore could be lined by as few as five to eight TMDs. This makes it unlikely that the structure in [Fig. 2](#fig2){ref-type="fig"} forms the initial fusion pore of exocytosis. However, the parallel with amperometry results are intriguing, and the capacity of synaptobrevin and synaptophysin TMDs to come together is probably relevant. If the TMD--TMD interfaces between these two proteins are flexible, then smaller complexes and pores with fewer TMDs may be possible.

Transport properties {#s05}
====================

A fusion pore provides a conduit for transport, and most of what we know about fusion pores derives from measurements of some form of flux. Ions and signaling molecules can flow through the aqueous pore lumen, and membrane can flow along the pore walls. The transport of ions, signaling molecules, and membrane can be measured and used to gain insight into fusion pore structure and composition. [Fig. 3](#fig3){ref-type="fig"} illustrates how patch clamp measurements of conductance and amperometry measurements of content flux signal the evolution of the fusion pore. These two techniques both report a nascent pore that supports low but detectable transport. Each measurement reveals a sequence of steps beginning with pore opening and continuing with pore expansion.

![**Impedance and amperometry measurements of fusion pores can be interpreted in terms of three successive stages of membrane fusion.** (1) Contact (top left), (2) fusion pore opening (top middle), and (3) fusion pore expansion (top right). (left) Impedance recording reveals fusion pore openings as a change in the complex impedance of a patch of membrane to which a vesicle fuses. The imaginary component of the impedance (blue) and real component (red) are used to calculate the fusion pore conductance, γ (green; [@bib81]). The opening of a fusion pore produces an initial conductance increase, and fusion pore expansion increases the conductance further. (right) Amperometry recording reveals a fusion pore opening as a pre-spike foot (shaded), which represents the flux of catecholamine out of the vesicle at a limited rate. Fusion pore expansion allows content release much more rapidly to produce an amperometric spike.](JGP_201611724_Fig3){#fig3}

Fusion pore conductance {#s06}
-----------------------

Fusion pore conductance can be determined with various electrical recording configurations ([@bib16]; [@bib149]; [@bib79]; [@bib78]). One must measure the complex impedance of a membrane and interpret the results with the aid of an equivalent circuit consisting of a fusing vesicle and its pore in parallel with a patch of membrane. An initial increase in conductance concomitant with an increase in capacitance provides information about the nascent fusion pore, and ensuing increases provide a readout of the progress of fusion over time ([Fig. 3](#fig3){ref-type="fig"}).

Fusion pore conductance is related to pore geometry, and the simplest way to envisage this relationship is to hypothesize that a fusion pore behaves like the solution that fills it. This involves using the macroscopic expression for the conductance, γ, of an element of solution. A pore with length, *l*, and constant cross-sectional area, *A*, has a conductance of$$\gamma = \frac{A}{\rho l}.$$ρ is the resistivity of the aqueous solution filling the pore (ρ ∼100 Ω cm for standard physiological saline). It is common to take *l* as roughly twice the thickness of a lipid bilayer (∼10 nm). If the pore is cylindrical with radius *r*, then *A* is π*r*^2^, and we can use the conductance to estimate *r*. This expression has been tested with ion channels, and with γ ∼1 nS, calculations with [Eq. 1](#e1){ref-type="disp-formula"} using structural estimates of *A* and *l* give conductance values roughly three times higher than experimental measurements ([@bib59]). The error is much larger for smaller channels. The main reason for this discrepancy is that [Eq. 1](#e1){ref-type="disp-formula"} neglects interactions between the ions and the walls of the pore and surrounding membrane. Actual fusion pores are likely to be wider than estimates based on conductance, so [Eq. 1](#e1){ref-type="disp-formula"} provides a lower limit for *r*. One might hope to have more confidence in [Eq. 1](#e1){ref-type="disp-formula"} for very high conductances, but then another problem arises: the conductance of the approach to the pore must be included. [Eq. 1](#e1){ref-type="disp-formula"} then must incorporate an additive term that is proportional to *r* rather than *A* ([@bib57]; [@bib94]; [@bib59]).

Despite the reservations just discussed regarding the quantitative dependence of conductance on radius, the wide range of values for fusion pore conductance indicates that fusion pore sizes also vary. Conductances vary by over two orders of magnitude, ranging from ∼20 pS ([@bib70]) to several nanosiemens ([@bib93]; [@bib114]; [@bib94]; [@bib29]). Thus, pore radii may vary by roughly one order of magnitude. In the same patch of membrane of nerve terminals, fusion of small synaptic-like vesicles and large dense-core vesicles have fusion pore conductances differing by a factor of ∼10 ([@bib70]). The large conductances of endocrine fusion pores have been interpreted in terms of a lipidic pore ([Fig. 1](#fig1){ref-type="fig"}, state 5) using a continuum elasticity model based on the mechanical properties of lipid bilayers ([@bib94]). Vesicles fusing with membranes in the absence of proteins produce pores with large conductances that fluctuate very widely ([@bib22]). Theoretical work on the shape of fusion pores formed by an elastic lipid bilayer suggests that their radii range from 1.1 to 4.2 nm ([@bib61]). Pores of this size should have conductances in the nanosiemens range. So larger fusion pore conductances are consistent with the elastic properties of a lipid bilayer, but smaller fusion pore conductances are not. Smaller pores are therefore less likely to be purely lipidic. Conductances overlapping with the range of ion channels was one of the earliest arguments for a proteinaceous pore ([@bib4]; [@bib77]; [@bib81]). Furthermore, ion channel conductances generally do not fluctuate much, so the greater stability of small conductance fusion pores points to a proteinaceous structure.

Content flux {#s07}
------------

Amperometry provides the most sensitive measurement currently available for flux of vesicle content through a fusion pore. This electrochemical technique detects readily oxidized molecules contained in many vesicles such as catecholamines, histamine, dopamine, and serotonin. The loss of content from a single vesicle is readily observed ([@bib135]), and a single-vesicle release event progresses through distinct stages. First comes the "pre-spike foot" that reports flux through an initial fusion pore (shaded region of the amperometry trace in [Fig. 3](#fig3){ref-type="fig"}; [@bib26]; [@bib66]). The spike comes next when the pore starts to expand. Kiss-and-run exocytosis also is accompanied by flux through a fusion pore ([@bib5]; [@bib131], [@bib132]), and the implications for pore closure are discussed below (Dynamic properties--Closure).

Because vesicles often contain multiple signaling molecules with different sizes, fusion pores can act as filters to select which molecules will pass. The molecules detected by amperometry are generally small with molecular masses \<200 D. Permeation of the initial pore by molecules of this size fits with the ∼1-nm dimensions of pores inferred from conductance measurement. The vesicles of pancreatic β cells contain ATP and GABA and can be loaded with exogenous serotonin. By expressing GABA~A~ receptors and purinergic P~2~X~2~ receptors, the release of ATP and GABA can be monitored as an ion current through the plasma membrane ([@bib15]). ATP, GABA, and serotonin all were found to pass through the initial fusion pore during β cell exocytosis, but at different rates. The flux was greatest for the smallest molecule, GABA, and lowest for the largest molecule, ATP, consistent with a filtering action by an ∼1.4-nm pore. *N*-methyl-[d]{.smallcaps}-glucamine is also small and should pass through fusion pores easily, but passage of this molecule could not be seen in pores formed during SNARE-mediated fusion of nanodiscs with cells ([@bib137]). These fusion pores may be different from dense-core vesicle fusion pores, but it is also possible that factors other than size have an impact on permeability.

The most pronounced filtering appears with peptides, both between different sized peptides and between peptides versus smaller molecules. As soon as a fusion pore opens it allows pH to equilibrate, but vesicles begin to lose their peptides with a delay of about a second after pH equilibration ([@bib13]; [@bib124]). The smaller peptide neuropeptide Y is released very rapidly, and the larger peptide tissue plasminogen activator is released very slowly, even when the two are contained in the same vesicle ([@bib100]). The vesicles of chromaffin cells contain both catecholamine and large peptide hormones. Chromaffin cells release norepinephrine in response to weak stimulation, but stronger stimulation elicits release of both catecholamine and the large peptide chromogranin ([@bib41]). Thus, with weak stimulation the fusion pore remains in its initial narrow state, and strong stimulation drives its expansion to a wider state. Likewise, stronger stimulation of β cells triggers fusion pore expansion to allow insulin release ([@bib84]). In lactotrophs, weak stimulation opens a small pore that only allows pH to equilibrate, whereas stronger stimulation allows larger fluorescent tracers to pass ([@bib126]). These various experiments suggest that pore size is a critical determinant in selecting which signaling molecules are secreted and that the mode of release depends on the form of stimulation. However, as a cautionary note, it was found that subtle variations in the structures of fluorescently tagged peptides had a profound impact on release kinetics ([@bib90]). These results cannot be explained by filtering of molecules with different sizes and suggest an influence of other factors such as interactions between the released molecule and the vesicle matrix.

Content flux and conductance {#s08}
----------------------------

When content flux and conductance are measured in parallel, the two quantities show a tight correlation. In mast cells, as the fusion pore expanded, serotonin flux increased in proportion with measured conductance. But the flux was much lower than a theoretical estimate based on the pore radius and conductance ([@bib5]). Using patch amperometry ([@bib2]) to measure catecholamine flux and conductance simultaneously, the two quantities were found to vary in parallel over a wide range, with a flux of 2.2 × 10^7^ molecules s^−1^ nS^−1^ ([@bib43]). This work suggested that fusion pores show little if any selectivity between cations, but the status of anion permeability could not be assessed. These results fit with a general correlation between ion conduction and content flux. Thus, even without knowing the actual dimensions of a fusion pore, it is reasonable to assume that higher conductance fusion pores will permit more rapid release of content and that lower conductance pores will preferentially release smaller molecules.

Membrane flux {#s09}
-------------

A fluorescent dye that partitions into lipid bilayers should move between the vesicle and plasma membrane in a lipidic fusion pore ([Fig. 1](#fig1){ref-type="fig"}, state 5) but not a proteinaceous fusion pore ([Fig. 1](#fig1){ref-type="fig"}, state 3). Early attempts to test this idea to study viral fusion suggested that the smallest fusion pores do not allow lipid flow ([@bib123]), but theoretical analysis suggests that detecting this flux in small pores could be very challenging ([@bib25]). In endocrine cells, single-vesicle fluorometry showed that during a kiss-and-run event a lipid marker was lost without the loss of a fluorescent-tagged protein (tissue plasminogen activator) contained in the vesicle ([@bib120]). This indicated the presence of a lipidic pathway through the lining of a pore that was large enough to pass an organic fluorophore but not large enough to pass a protein. This suggests that this pore is lipidic and further makes the important point that such a structure can close. A plasma membrane lipid label was observed to move to the vesicle membrane before the passage of a water-soluble fluorescent dye into the vesicle lumen and before the equilibration of vesicle pH ([@bib146]). This indicates that lipid contact is established before pore opening. This result supports fusion through the formation of a hemifusion intermediate ([Fig. 1](#fig1){ref-type="fig"}, state 4) or a composite protein--lipid pore in which the proximal leaflets are connected (discussed below; [Fig. 9](#fig9){ref-type="fig"}).

Single-vesicle capacitance measurements can detect changes in the area of a vesicle as membrane moves through a fusion pore. As long as fusion pores are small, there is no detectible loss of membrane; the capacitance remains flat, and up-steps are tightly correlated with the down-steps ([@bib82]; [@bib70]). When a fusion pore's conductance exceeds ∼1 nS, the down-step can be smaller than the up-step, indicating that some membrane has flowed through the rim of the fusion pore from the vesicle to the plasma membrane ([@bib93]). Thus, capacitance recording shows that membrane flows through large fusion pores but not small fusion pores. This suggests a general trend that small pores are made of protein and large pores are made of lipid. However, the absence of membrane flux in capacitance recording is difficult to square with the early stage movement of fluorescent membrane label just mentioned ([@bib146]).

Composition {#s10}
===========

The molecular components that make up the fusion pore have been difficult to identify. Models have been proposed of fusion pores composed of protein or lipid, and these views are widely held to be mutually exclusive. In the absence of high-resolution structures, efforts to determine what fusion pores are made of have relied on indirect measurements.

SNARE TMDs {#s11}
----------

Early work on SNARE-mediated fusion demonstrated a functional role for SNARE TMDs in membrane trafficking ([@bib47]). SNAREs with a TMD replaced by a lipid anchor can support fusion of reconstituted proteoliposomes provided that the lipid is long enough to span the entire bilayer or there are multiple acyl groups attaching a SNARE to the membrane ([@bib88]). Fusion of yeast vacuoles can occur with some lipid-anchored SNAREs but not others ([@bib101]). In another study in yeast vacuoles, lipid-anchored SNAREs supported lipid mixing provided that three accessory proteins were present ([@bib138]). One study claimed that lipid-anchored SNAREs are fully functional in synaptic release and that synaptobrevin worked as well as wild type when its TMD was replaced by a domain from CSPα with 13 lipid acylation sites ([@bib147]). However, the wild-type synaptobrevin construct used in this study was subsequently shown to be defective ([@bib21]; [@bib30]). Wild-type synaptobrevin supported release to levels approximately fourfold higher than the CSPα-synaptobrevin construct. Anchoring synaptobrevin with motifs harboring one or two lipid acyl groups failed to increase release above the background level of neurons from a synaptobrevin/cellubrevin double knockout ([@bib21]). The result with the CSPα construct suggests a weak fusion capability of a SNARE lacking a TMD, and thus argues against a proteinaceous pore. However, it should be kept in mind that the C-terminal segment from CSPα may be long enough to form a TMD and harbors potential TMD sequences. Furthermore, the large number of lipid acyl groups concentrated into a small segment of protein could reshape lipid bilayers in ways that are difficult to predict. In vitro assays with the synaptobrevin-CSPα construct indicate that its capacity for lipid mixing ([@bib21]) occurs without content mixing ([@bib10]), so it does not form a fusion pore, and the fusion observed in cells may depend on other proteins (e.g., synaptophysin). These results do not rule out the possibility for some fusion mediated by SNAREs anchored to a membrane by lipid rather than a TMD. However, to achieve the level of exocytosis seen with wild-type SNAREs in synapses and endocrine cells, TMDs are required ([@bib21]).

Measurements of catecholamine flux through fusion pores have implicated SNARE TMDs as structural components. The amplitudes of pre-spike feet from amperometry recordings can be modulated by mutations in the TMDs of syntaxin ([@bib51]; [@bib50]) and synaptobrevin ([@bib20]). Residues with large side chains reduced flux, and residues with small side chains increased flux. Residues with positive or negative charge altered fusion pore flux in a manner consistent with an electrostatic interaction between the TMD and catecholamine. Selected mutants altered pore conductance in a consistent manner. The residues influencing flux fell on one helical face of the syntaxin TMD and on two helical faces of the synaptobrevin TMD. Synaptobrevin with its entire TMD replaced by valines, leucines, or isoleucines supported exocytosis in endocrine cells and the pre-spike feet were altered in a manner consistent with changes in side chain size ([@bib30]). By analogy with a large body of mutagenesis work on ion channel permeation, these studies supported a model of a fusion pore as a barrel-like structure lined by SNARE TMDs ([Fig. 1](#fig1){ref-type="fig"}, state 3).

In vitro experiments with lipid vesicles and nanodiscs showed that TMD residues become accessible to water during fusion ([@bib10]). Mutations of some of the same residues also altered glutamate flux through fusion pores, but the correspondence between water accessibility and glutamate flux was not perfect ([Fig. 4 A](#fig4){ref-type="fig"}). Some of the syntaxin TMD residues that influenced glutamate flux also influenced the amperometric pre-spike foot, but other residues of the syntaxin TMD that influenced glutamate flux did not. However, these residues were accessible to an aqueous label. Two of the synaptobrevin TMD residues that influenced the amperometric pre-spike foot also influenced glutamate flux and were water accessible, but two others were not. Thus, there was some correspondence with the residues that influence flux through endocrine vesicles ([@bib51]; [@bib20]), but this correspondence was not perfect. [Fig. 4 A](#fig4){ref-type="fig"} summarizes these various results. The residues implicated as pore liners generally fell along helical faces of the TMD, but the differences between residues implicated in the various assays may mean that the TMDs are pliable and can form pores in different orientations. This may be related to fusion pore formation with different numbers of SNAREs, or TMDs from other proteins, or variable amounts of lipid. However, the disparate results may also mean that there are more complicated structures beyond the reaches of current thinking.

![**SNARE TMD residues lining the fusion pore.** (A) Residues in the SNARE TMDs identified by various fusion pore measurements are highlighted in green. The first TMD residue of the wheel is labeled with a red arrow. Amperometry identified some residues ([@bib51]; [@bib20]). Glutamate flux and labeling by MTSES identified some of the same residues as well as some different residues ([@bib10]). Many of the residues identified in a given assay fell along one face of a helical wheel (wheels generated at <http://kael.net/helical.htm>). (B) Fusion pore model based on TMD mutagenesis and amperometric pre-spike feet and conductance in endocrine release ([@bib20]).](JGP_201611724_Fig4){#fig4}

Based on the locations of the residues that influence fusion pore flux and conductance in endocrine cells, a model was proposed for a proteinaceous fusion pore ([Fig. 1](#fig1){ref-type="fig"}, state 3) formed by the SNARE TMDs ([Fig. 4 B](#fig4){ref-type="fig"}). The two faces of the synaptobrevin TMD presumably alternate, placing half of the synaptobrevins in one environment and the other half in another environment. This feature parallels the dual arrangement of synaptobrevin TMDs in the structure of the synaptophysin--synaptobrevin complex determined by electron microscopy ([Fig. 2](#fig2){ref-type="fig"}; [@bib1]). It is interesting that the cellular assay with amperometry implicated a helical face not seen in the in vitro assays ([Fig. 4 A](#fig4){ref-type="fig"}). This may mean that this face can only become a pore liner in the presence of synaptophysin ([Fig. 2](#fig2){ref-type="fig"}). In summary, a structural role for TMDs is supported by flux measurements in cells, flux and chemical labeling in vitro, and a structural model. This convergence of results from very different experimental approaches strengthens the case for TMDs as structural components of fusion pores.

SNARE number {#s12}
------------

There have been many attempts to determine the number of SNARE complexes required for fusion, and these numbers vary widely. To form a channel surrounded by TMDs requires multiple copies, and by analogy with ion channels, this suggests that a fusion pore would need at least four TMDs through each membrane. Because syntaxin and synaptobrevin each have one TMD, this places a requirement of four SNARE complexes. As discussed above (Transport properties--Fusion pore conductance), fusion pore conductance provides an estimate of size, and using a radius of 0.35 nm for a generic α-helix, the conductance measurements from endocrine fusion pores yield an estimate of 5--10 TMDs through each membrane ([@bib51]; [@bib145]). However, as noted in the discussion of the validity of [Eq. 1](#e1){ref-type="disp-formula"} above, the actual radius is probably larger than that calculated from conductance.

There are more direct ways to estimate SNARE number. Single molecule photometric counting suggests that only two molecules of synaptobrevin are sufficient for synaptic release ([@bib112]). Fusion depends on the number of functional SNAP-25 molecules raised to the third power, suggesting that endocrine release requires at least three SNARE complexes ([@bib58]; [@bib91]). Experiments on fusion in reconstituted systems suggest minimal numbers as low as one ([@bib125]) or as high as 9 ([@bib31]). One SNARE complex may be sufficient for pore formation, but pore expansion requires three complexes ([@bib110]). Measurement of content loss by liposomes fusing with nanodiscs suggests the minimum is two ([@bib10]), and these authors suggested that the fusion pore is composed of both protein and lipid.

Lipid {#s13}
-----

Flux of fluorescent lipid tracer ([@bib120]; [@bib146]), large sizes, large fluctuations ([@bib114]; [@bib29]), and membrane loss ([@bib93]) all suggest a contiguous lipidic pathway from the vesicle to the plasma membrane ([Fig. 1](#fig1){ref-type="fig"}, state 5). In some cases, these observations could represent a later state of pore evolution rather than the initial state, but the most recent of these studies detected lipid flow before pH equilibration as detected by pHluorin within the vesicle ([@bib146]). This indicates that lipid connectivity is achieved before the formation of an aqueous pore. TMD mutagenesis studies and content flux measurements do not rule out the presence of lipid, as originally acknowledged ([@bib51]). However, a purely lipidic pore is difficult to reconcile with the results summarized above on TMD mutagenesis (preceding section). The observation of smaller amplitude amperometric pre-spike feet with a truncated form of SNAP-25 has been interpreted as evidence for both protein and lipid in the fusion pore ([@bib34]), but there are other possible explanations, such as a reduction in the number of SNARE complexes and SNARE TMDs. As just noted, the presence of both lipid and protein has also been proposed based on liposome-nanodisc fusion studies ([@bib10]). This may be the only way to reconcile prior lipid flux and small numbers of SNAREs with TMD mutant effects. Plausible models for a composite lipoprotein fusion pore have received little attention and will be discussed below ([Fig. 9](#fig9){ref-type="fig"}).

A continuum elasticity model of lipidic fusion pores yielded structures with minimum energies in which pore diameters ranged from 1.1 to 4.2 nm ([@bib61]). This range fits well with late-stage fusion pores but is difficult to reconcile with the smallest conductances of \<100 pS observed in several studies (discussed above in Transport properties--Fusion pore conductance). A study of fusion pore expansion proposed that a lipidic fusion pore with highly curved lipid bilayer could form from a proteinaceous pore in which there is very little bending of lipid bilayers. This idea was proposed to account for the observation that large vesicles have pre-spike feet with longer lifetimes than small vesicles ([@bib142]). To interpret this relationship, a model was developed based on the notion that a lower area of curved membrane will form in a fusion pore formed by a small lipidic vesicle ([Fig. 5 A](#fig5){ref-type="fig"}). This model recapitulated the dependence of pre-spike foot duration on vesicle size, predicting that the logarithm of one over fusion pore lifetime varies as one over the cube root of the vesicle content ([Fig. 5, C and D](#fig5){ref-type="fig"}). Furthermore, the slope of this relation depends on the spontaneous curvature of the lipid bilayer. Perturbing bilayer curvature with cone-shaped and inverted cone-shaped lipids altered this dependence in the manner predicted by the model ([Fig. 5 C](#fig5){ref-type="fig"}). Cholesterol removal also accelerated the transition from pre-spike foot to spike, which could be explained by easing the bending of membranes ([@bib133]). Perturbing the lipid bilayer curvature with mutations in the synaptobrevin TMD also altered the dependence of pre-spike foot duration on vesicle size ([Fig. 5 D](#fig5){ref-type="fig"}; [@bib19]). Tryptophan substitutions could alter the relation in different ways depending on their location within the membrane. These results indicated that the fusion pore of the amperometric pre-spike foot forms without significant bending of membranes and thus supported the hypothesis of an initial proteinaceous structure. Fusion pore formation entails little membrane bending, and it is the subsequent expansion step that must overcome a significant elastic energy barrier to bend lipid bilayers into the shape of a pore ([Fig. 1](#fig1){ref-type="fig"}, state 5). Progression from a pre-spike foot to a spike in amperometry recordings could thus entail a transition from state 3 to state 5 of [Fig. 1](#fig1){ref-type="fig"}.

![**Ease of formation of a lipidic fusion pore increases with decreasing vesicle size.** (A) Smaller vesicles have a larger contact angle, φ, which corresponds to a smaller area of highly curved lipid bilayer (brown). (B) Amperometry traces illustrate that larger vesicles, which contain more catecholamine, have longer duration pre-spike feet (horizontal line segments below the corresponding traces). The integrated amperometric charge in fC quantifies vesicle size. A theoretical model based on A predicts that the logarithm of the inverse pre-spike foot lifetime, τ, is a linear function of the inverse vesicle radius, R~v~ (proportional to the cube root of the vesicle content), and that the slope depends on the spontaneous curvature of the lipid bilayer ([@bib142]). (C) Plots from rat chromaffin cells confirm this prediction and show that altering spontaneous curvature with lysophosphatidylcholine (LPC) or oleic acid (OA) changes the slope. (D) Plots from mouse chromaffin cells show that tryptophan mutations in the synaptobrevin TMD alter the slope of these plots ([@bib19]). The effects of both lipids (C) and mutants (D) can be interpreted in terms of changes in spontaneous curvature of the lipid bilayer.](JGP_201611724_Fig5){#fig5}

Dynamic properties {#s14}
==================

Closure {#s15}
-------

The earliest single-vesicle capacitance recordings showed that stepwise capacitance increases were often followed by stepwise capacitance decreases within ∼1 s ([@bib96]; [@bib36]). Amperometry measurement of the flux of a vesicle's content through a fusion pore revealed abrupt openings followed by abrupt closings ([@bib5]; [@bib148]; [@bib131], [@bib132]). Fluorescent tracer loss from vesicles can be partial, suggesting the termination of release by pore closure ([@bib7]; [@bib105]). Thus, three different kinds of measurement suggest that a vesicle can lose content without collapsing into the plasma membrane. This so-called kiss-and-run form of release implies that fusion pores have the capacity to close. Pore closure creates two scenarios. In one case, the pore closes by a simple reversal of the opening transition, like the reversible gating of an ion channel. In the other scenario, an initial pore closes by a route distinct from the initial opening transition, perhaps with a transition to another open state that then closes. The first case is thermodynamically reversible and restores a vesicle to its initial ready-to-open state. The second case would leave a vesicle in a different state from where it started. These irreversible transitions are more likely to end with a closed pore not necessarily capable of producing further openings.

Rapid successions of repeated openings and closings, or flickers ([@bib56]), suggest a reversible protein conformational change, represented by transitions between state 2 and state 3 in [Fig. 1](#fig1){ref-type="fig"}. The brief time interval between the upward and downward steps suggests tight coupling, as would be the case if pore closing is a simple reversal of pore opening. The rapid repeated openings mean that these closures restore a vesicle to a ready-to-open state. A very high correlation between the amplitudes of the capacitance up-steps and down-steps indicates that the vesicle remains intact with no detectable material exchange between the vesicle and plasma membrane ([@bib82]; [@bib70]). An absence of lipid transfer also implies a proteinaceous pore that blocks lipid flow.

Lipid vesicles fusing with artificial bilayers in a protein-free system have the capacity to form fusion pores that close again ([@bib22]). Thus, lipidic fusion pores can close or reseal by a process of bilayer fission ([Fig. 1](#fig1){ref-type="fig"}, reversal of state 5 formation). A surge of content loss has been observed at the end of a kiss-and-run event, which likely reflects evolution from an initial small pore to a larger pore, followed by closure ([@bib3]). This would reflect an initial sojourn in state 3 of [Fig. 1](#fig1){ref-type="fig"}, followed by a transient excursion to state 5, followed by closure. The presumed conductance increase was too brief to observe so the expansion that allowed elevated content loss must have been a very short-lived convulsion. High flux through fusion pores is occasionally followed by return to a state of low flux, somewhat below that of an initial fusion pore. Thus, a "post-spike foot" has a smaller amplitude than the earlier pre-spike foot. The pore expands and contracts back, possibly to its initial size ([@bib89]). This could reflect a state 3 → state 5 → state 3 sequence ([Fig. 1](#fig1){ref-type="fig"}). These results suggest that the transition from an initial small proteinaceous pore to a large lipidic pore is reversible.

Expansion {#s16}
---------

The fusion pore must expand to consummate the merger of the two membranes. However, expansion may be partial and reversible, with fusion pores expanding to some degree and subsequently contracting. With reference to the hypothetical structures of [Fig. 1](#fig1){ref-type="fig"}, expansion could occur during the transition from a proteinaceous pore to a lipidic pore (state 3 → state 5) or after the lipidic pore has formed (state 5 → state 6). Lipidic fusion pores are metastable and have an energy minimum defined by the elastic properties of the lipid bilayer, so expansion will be slow without some form of driving force ([@bib23]; [@bib28]).

Conductance measurements have shown that the abrupt initial increase representing pore opening is often followed by a slower smooth increase representing graded rather than stepwise expansion ([@bib16]; [@bib114]). Fusion pore expansion can also be seen in studies with fluorescent tracers where larger tracer molecules enter vesicles at later times than smaller tracer molecules ([@bib117]). As a pore grows, it appears to reach a point of no return beyond which closure can no longer occur ([@bib82]). This may reflect a mechanical property of lipidic fusion pores, which may only be metastable when they are small. Smaller pores can close, but reversal becomes more difficult as the pore expands.

Amperometry recordings also show the expansion of fusion pores, but the results are somewhat different from the conductance results just summarized. Amperometric pre-spike feet generally terminate abruptly with the onset of a spike, and the speed of the spike's upstroke is taken as an indication that expansion is sudden and rapid. The resolution of pre-spike feet to spikes suggests a transition from a small relatively stable pore to a large and possibly expanding pore. This transition has a steep temperature dependence, which may mean that it entails protein conformational changes ([@bib141]). However, even before this transition the amplitudes of pre-spike feet sometimes grow slowly, so there may be some slow expansion before the rapid phase at the spike onset ([@bib119]; [@bib14]). The status of this slow expansion is not clear because it is only seen in a small subpopulation of events. The expanding feet thus might be selected events from a population with no average upward drift. Overall, the amplitudes of pre-spike feet are not correlated with their duration ([@bib132]), and this absence of a correlation argues against a slow expansion before the spike onset. This is an important point because it is difficult to envision how a proteinaceous pore could grow in a graded fashion.

The shapes of amperometric spikes are altered by many manipulations, including mutations or overexpression of MUNC18 ([@bib39]; [@bib11]), Cdk5 ([@bib12]), and CSP ([@bib46]). These actions likely reflect some effect on a later expansion of a lipidic pore. However, the weak temperature dependence of the spike rise time and decay time suggest that spike shape is determined largely by diffusion to the amperometry recording electrode ([@bib141]). In fact, catecholamine diffusion has a major impact on the faster aspects of amperometric spike dynamics ([@bib136]; [@bib49]), and this greatly complicates the interpretation of spike shape in terms of fusion pores.

Cytosolic Ca^2+^ accelerates fusion pore expansion ([@bib38]; [@bib53]; [@bib33]; [@bib40]). Amperometry recording has shown that Ca^2+^ accelerates the transition from pre-spike foot to spike, probably through Ca^2+^ binding to synaptotagmin ([@bib132]). Strengthening the Ca^2+^-dependent interaction between synaptotagmin and phosphatidylserine delays this transition ([@bib143]), whereas the expression of different synaptotagmin mutants ([@bib9]; [@bib83]) and isoforms ([@bib130]; [@bib144]) can either accelerate or delay the transition. Weakening the interaction between syntaxin and polar lipids delays the transition ([@bib76]). Ca^2+^-synaptotagmin also promotes expansion of fusion pores in liposomes ([@bib75]). Fusion pore expansion is accelerated by phorbol esters ([@bib109]), myosin II ([@bib95]), the GTPase dynamin ([@bib42]; [@bib6]; [@bib45]; [@bib122]), and another GTPase, Cdc42 ([@bib17]). Ca^2+^ regulates dynamin-mediated expansion through a signaling cascade initiated with dephosphorylation by calcineurin and mediated by interactions with syndapin and N-WASP ([@bib108]). The content of a vesicle can influence the transition from pre-spike foot to spike, which was delayed ∼2.5-fold in vesicles containing tissue plasminogen activator-GFP versus neuropeptide Y-GFP ([@bib134]). This may reflect interactions between the vesicle matrix and membrane.

In summary, fusion pore expansion probably proceeds in two distinct phases. If the initial pore is proteinaceous, the first step could be a transformation from protein to lipid ([Fig. 1](#fig1){ref-type="fig"}, state 3 → state 5). This form of expansion requires a process by which lipid infiltrates the pore and replaces the protein ([@bib4]). One way to achieve this is through the zipping together of the SNARE TMDs. The merger of the SNARE motif α-helix and TMD would release energy to force adjacent TMDs apart and create space for lipid to enter (discussed below; [Fig. 7](#fig7){ref-type="fig"}; [@bib62]). The second phase of expansion would then be a widening of the lipidic pore formed in the first phase ([Fig. 1](#fig1){ref-type="fig"}, state 5 → state 6). Because lipidic fusion pores are metastable, this will require mechanical work ([@bib23]; [@bib28]) or membrane tension ([@bib71]), and it is likely that the mechanical activity of proteins such as dynamin and myosin II is harnessed in some way. Each of these two transitions can be regulated by the fusion apparatus, and lipid bilayer elasticity plays a major role in both.

Noise {#s17}
-----

Pore conductance and content flux often display noise that is well above the instrumentation noise and thus attributable to dynamic fluctuations in fusion pore structure. Amperometry recordings from chromaffin cells display brief transient increases in flux, and these flickers were interpreted as increases in fusion pore size that could represent abortive starts toward expansion ([@bib148]). Similar brief transient enlargements of fusion pores were also reported for dopamine release from neurons ([@bib115]). Experiments with synaptobrevin mutants support the interpretation of flickers as abortive expansions. Lengthening the linker between the SNARE motif and TMD eliminated the flickers, presumably by weakening the ability of SNAREs to transmit force to the membrane ([@bib68]). When mutations weakened interactions between SNARE TMDs, the initial fusion pores spent more time in an initial state with more frequent flickers suggestive of repeated unsuccessful attempts to expand ([@bib137]).

The conductance is very noisy in fusion pores formed by protein-free lipid vesicles and bilayers ([@bib22]). Similarly, large fluctuations in conductance appear in dense-core vesicle fusion pores when they become large ([@bib93]; [@bib114]; [@bib29]). This parallel is intriguing and may reflect similarities in composition. These fluctuations in large pores are quite slow and different from the rapid flickers described in the preceding paragraph. The rapid flickers may be a characteristic of early-stage small proteinaceous pores, whereas the slower fluctuations of large pores may be a characteristic of late-stage large lipidic pores.

Energies of hypothesized structures {#s18}
===================================

Models generally posit specific molecular interactions for which energies can be estimated. Very high energies imply that a structure will be difficult to form and this provides a basis for evaluating the plausibility of a model. In general, the state of our understanding of molecular forces does not permit quantitative calculations of energies, especially in the absence of a detailed structure. Nevertheless, qualitative estimates have helped guide the field in considering various models.

Membrane elasticity {#s19}
-------------------

Lipid bilayers have elastic properties that define the energetics of a variety of deformations, including out of plane bending ([@bib55]). The initial contact ([Fig. 1](#fig1){ref-type="fig"}, state 2) and proteinaceous pore ([Fig. 1](#fig1){ref-type="fig"}, state 3) can form with minimal bending of the lipid bilayers, but formation of a lipidic fusion pore requires bending a bilayer to the point where its radius of curvature is almost as small as the membrane thickness. Thus, there is a large energy barrier to the formation of a lipidic fusion pore. This energy can be analyzed mathematically and expressed in terms of the fusion pore's shape and the elastic moduli of a lipid bilayer. The curvature at any position on the membrane is written as a sum of two terms, referred to as the mean curvature and Gaussian (or splay) curvature. The total Gaussian curvature of a surface does not depend on the details of the shape but only topology. Regardless of the shape, the Gaussian curvature of two separate closed membranes differs from that of a single closed membrane by −4π ([@bib73]; [@bib111]). However, estimating the change in energy is difficult because the Gaussian curvature modulus is very difficult to measure. The Gaussian curvature may contribute as much as 100 kT to the energy of forming a fusion pore from two separate membranes ([@bib111]). In contrast, the elastic modulus for mean curvature is well known ([@bib85]), so this contribution to the fusion pore bending energy can be estimated by integrating the mean curvature over a hypothesized surface.

Early efforts to calculate the mean curvature assumed that a lipid fusion pore has a toroidal shape ([@bib72]; [@bib24]), and this led to very high energies. However, the assumption of toroidal geometry overestimates the mean curvature. A toroid can deform to a surface that qualitatively resembles a catenoid (a surface of revolution formed by a hyperbolic cosine function), and this shape has zero mean curvature at every point ([@bib73]). The actual energy of a fusion pore falls between these two extremes, and to determine this energy requires finding the shape that minimizes the mean curvature (and thus minimizes the pore energy). When this is done (with a simultaneous minimization for both monolayers of the bilayer), it can be seen that a fusion pore can assume shapes that have a significant bending energy well below the value obtained for a toroid ([@bib61]). Further variations of shape that incorporated additional detail showed that a fusion pore can assume a "bowing" or "teardrop" shape. This additional reduction in mean curvature energy required that the pore extend laterally over distances of more than 10 times the pore radius ([@bib106]; [@bib139]). A very different approach to this problem uses an intermediate level of detail to treat the intermolecular forces between lipids. By avoiding continuum mechanics, this approach gets around the problem of not knowing the Gaussian curvature modulus. This approach yielded fairly low energies, in the range of 10--20 kT ([@bib67]).

Although the mathematical analysis leaves the actual value of the energy of formation of a lipidic fusion pore unclear, these efforts have produced the important result that a fusion pore formed by bending a lipid bilayer is metastable; it has a minimum energy at a particular radius and bilayer separation ([@bib67]; [@bib61]). [Fig. 6](#fig6){ref-type="fig"} illustrates this feature for the continuum elasticity model. Structures such as the one illustrated in [Fig. 6 A](#fig6){ref-type="fig"} have a minimum amount of mean curvature. Fixing the bilayer separation distance (*R~b~*) and varying the pore radius (*R~p~*) gives minima with much lower energies for lipids with negative spontaneous curvature ([Fig. 6 B](#fig6){ref-type="fig"}). Allowing both *R~p~* and *R~b~* to vary locates a global energy minimum ([Fig. 6 C](#fig6){ref-type="fig"}). This means that once it forms, a lipidic fusion pore can linger in a narrow hourglass shape without expanding or resealing. Perhaps thermal fluctuations can drive transitions out of this minimum, but cellular machinery can accelerate these processes. A role for mechanical work by proteins was discussed above in connection with fusion pore expansion. The important point is that fusion is not complete when the lipidic fusion pore forms, even though the vesicle and plasma membrane bilayers have merged and become contiguous. Fusion pores face an energy barrier for expansion ([@bib23]; [@bib28]), and force generating proteins or membrane tension ([@bib71]) are needed to drive the process to completion.

![**Minimum energy fusion pores.** (A) The fusion pore is a surface of revolution around the z axis formed by a lipid bilayer. This shape was obtained by minimizing the mean curvature of two parallel lipid monolayers subject to the constraint of a pore radius *R~p~* = 3.3 nm and a bilayer separation of twice *R~b~* = 5.45 nm (note that these are distances to the center of the bilayer; further note that this minimization omitted the possibility of an inflection that can introduce a bowing shape that reduces the energy further; [@bib139]). (B) Minimum energies determined for *R~b~* = 3 nm and varied *R~p~*. This plot shows a stable minimum at *R~p~* = ∼2.5 nm. The spontaneous curvature of the lipid (*C*~0~) has a major influence on the energy but not on the position of the minimum. (C) Varying both *R~p~* and *R~b~* reveals a global minimum at the location indicated by the circle, at *R~p~* = 2.75 nm and *R~b~* = 4.2 nm (modified from [@bib61] with permission from Springer).](JGP_201611724_Fig6){#fig6}

Hydrophobic interfacial energy {#s20}
------------------------------

Membrane fusion entails substantial remodeling of lipid bilayers, and hypothetical fusion mechanisms can include intermediates with varying amounts of exposure between water and the hydrophobic interior of the lipid bilayer. A simple way to estimate this energy is to calculate the surface area of this contact and multiply by a parameter based on experiments with model compounds. However, the choice for this parameter led to some confusion. Interfacial tension measurements yield a value of roughly 72 cal/Å^2^ (50 erg/cm^2^), whereas solvent partitioning measurements yield a value of roughly 25 cal/Å^2^ ([@bib118]). This discrepancy arises from the restriction of hydrocarbon rotations at the aqueous interface ([@bib63]), but this factor is irrelevant to interactions during membrane fusion. Thus, Tanford's solvent partitioning parameter of ∼25 cal/Å^2^ is what should be used, and in a model for fusion pore expansion in which the lipid hydrocarbon chains become exposed to water, the energy of the resulting barrier allows for expansion on a millisecond timescale ([@bib62]).

Hydration repulsive force {#s21}
-------------------------

Bringing two lipid bilayers together requires dehydration of the polar head groups ([@bib103]). This gives rise to a steeply rising repulsive force between two lipid bilayers and the initiation of fusion must overcome this force.

Transitions {#s22}
-----------

Energetic considerations offer a perspective on the different hypothetical structures summarized in [Fig. 1](#fig1){ref-type="fig"}. The various transitions between putative structures entail different degrees of changes in membrane bending, hydrocarbon--water contact, and lipid head group distances.

*Transition 1* → *2*: This transition precedes fusion pore formation. It entails associations between proteins in the two membranes, presumably SNAREs, as they undergo an early stage of zipping. It probably entails some deformation of the two membranes around the proteins pulling them together. The protein--protein association then works against the membrane bending and hydration repulsion to create a dimple that reflects the balance between these three forces.

*Transition 2* → *3*: The proteins holding the two membranes together can form a nascent fusion pore, presumably with SNARE TMDs ([Fig. 4](#fig4){ref-type="fig"}). A connection with associated proteins ([Fig. 1](#fig1){ref-type="fig"}, state 2b) could act as a closed channel. During this transition, there should be little work done on the elastic or repulsive forces of the lipid bilayers.

*Transition 2* → *5*: This alternative route for pore formation has not been explicitly proposed, but if there are too few SNAREs to form a channel and the C termini of SNARE TMDs are pulled into the membrane ([@bib97]; [@bib80]), the result could be a direct transition to a lipidic pore. This transition would thus bypass the lipid stalk ([Fig. 1](#fig1){ref-type="fig"}, state 4a) and hemifusion diaphragm ([Fig. 1](#fig1){ref-type="fig"}, state 4b). The mechanism proposed for fusion pore expansion by helix completion in SNAREs ([@bib62]) could drive this transition, but with fewer SNAREs than are needed to form a proteinaceous channel.

*Transition 2* → *4*: The formation of a hemifusion diaphragm is widely accepted as an intermediate in lipid bilayer fusion in the absence of protein as well as in viral fusion. Electron tomography images revealed large numbers of synaptic vesicles hemifused with the plasma membrane in the active zone in the absence of fusion ([@bib140]), but another study reported that direct vesicle membrane contact with the plasma membrane depended on stimulation to elicit membrane fusion ([@bib37]). The observation of membrane flux before pore opening supports the existence of a hemifused structure ([@bib146]). Connection by separate proteins ([Fig. 1](#fig1){ref-type="fig"}, state 2a) is a more likely precursor for a stalk ([Fig. 1](#fig1){ref-type="fig"}, state 4a) because this could force the bilayers surrounded by the contacts together. The merger of the proximal monolayers has a substantial cost in lipid bending associated with Gaussian curvature, and the distal monolayers must be highly curved at the rim, so reaching this state will be energetically costly. Forming a stalk or hemifusion diaphragm has the advantage of distributing the large change in Gaussian curvature energy between two steps.

*Transition 3* → *5*: The transition from a proteinaceous pore to a lipidic pore presumably involves some degree of expansion. This transition was hypothesized early in studies of fusion pores ([@bib4]), but how it occurs remains a subject of speculation. It faces a large barrier from bilayer bending ([@bib142]; [@bib19]). The driving force provided by SNARE complex zipping and the joining of the α-helices of the SNARE motifs and TMDs may be sufficient to overcome this barrier ([Fig. 7 A](#fig7){ref-type="fig"}), as well as a barrier resulting from the transient exposure of lipid hydrocarbon chains to water ([Fig. 7 B](#fig7){ref-type="fig"}; [@bib62]).

![**A model for transition 3 → 5.** (A) The joining of the helical segments of the SNARE motif with the helical TMD is a potential driving force for this transition. In the initial state (top), the SNARE motifs are perpendicular to the TMDs (high energy) and the membranes are flat (low energy). The final state (bottom) has straight SNAREs (low energy) and curved membrane (high energy). (B) As the transition progresses, the hydrocarbon interior becomes transiently exposed to water, creating a barrier to the transition. The angle θ between the TMD and the membrane normal serves as a reaction coordinate for the transition ([@bib62]).](JGP_201611724_Fig7){#fig7}

*Transition 4* → *5*: Expansion and monolayer bending at the rim of the hemifusion diaphragm both will impose tension on the bilayer to drive the formation of a channel through the bilayer formed by the two distal monolayers ([@bib72]; [@bib23]; [@bib107]). A lipid-lined pore through the bilayer of the hemifusion diaphragm would then expand to a lipidic fusion pore. So this transition proceeds in the stages (1) stalk expansion to a diaphragm (4a → 4b), (2) pore formation through the diaphragm, (3) transbilayer pore expansion to the lipidic pore.

*Transition 5* → *6*: Membrane elasticity resists the growth of lipidic fusion pores. This transition is probably driven by motor proteins and membrane tension as discussed above (Dynamic properties--Expansion).

Synaptic release and fusion pores {#s23}
=================================

Synaptic transmission depends on exocytosis, but synaptic fusion pores are difficult to study. The relation between fusion pore flux and synaptic response is not clear. There is quite a bit of speculation about the roles of fusion pores in synaptic function and plasticity but only a few examples where manipulations of exocytosis proteins influence the shape of a synaptic current ([@bib99]; [@bib48]). However, kiss-and-run at synapses produces much lower concentrations of neurotransmitter in the synaptic cleft ([@bib104]).

Synaptic transmission proceeds through a sequence of steps: Ca^2+^ entry, Ca^2+^ binding, structural transitions in the fusion apparatus, fusion pore opening/expansion, neurotransmitter flux through the fusion pore, neurotransmitter diffusion across the synaptic cleft, and postsynaptic receptor activation. Synaptic delays are on the order of a hundred microseconds and reflect the sum of the times for all these steps. Neurotransmitter expulsion must be briefer than this aggregate time to minimize its contribution to the delay. By this reasoning, the expulsion step should be less than ∼100 µs.

The relationship between flux and conductance discussed above (Transport properties--Content flux and conductance) permits an analysis of the impact of pore size on the speed of synaptic release. If a vesicle loses content with a rate proportional to the intravesicular concentration, then as molecules flow through a stable fusion pore, the number of molecules in the vesicle, *N*, decays exponentially with time.$$N = N_{0}e^{{}^{- \alpha t}}.$$With knowledge of the number of transmitter molecules in a vesicle and the flux through a fusion pore, we can estimate α and obtain the expulsion time τ as 1/α. The initial rate of transmitter expulsion will be the derivative of [Eq. 2](#e2){ref-type="disp-formula"} at *t* = 0 or α*N*~0~. With *N*~0~ = 1,600 molecules of glutamate in the synaptic vesicle of an excitatory glutamatergic synapse ([@bib32]) and the ratio of flux to conductance cited above ([@bib43]), we obtain α1600 = 2.2 × 10^7^ molecules s^−1^ nS^−1^, from which we can take 1/α as$$\tau = 73~\gamma^{- 1}{~µs,}$$where γ is the fusion pore conductance in nanosiemens. By this reasoning, a 1-nS fusion pore will allow a vesicle to expel its content in a sufficiently brief time of 73 µs. However, 1 nS is extremely large; measurements of fusion pores for synaptic ([@bib54]) and synaptic-like ([@bib70]) vesicles are \<100 pS. This would lead to an expulsion time of \>730 µs, which is longer than typical synaptic delays at rapid synapses. It should be noted that this calculation used fusion pore flux measurements for catecholamines; epinephrine and norepinephrine have molecular masses of 183 D and 169 D, respectively. Glutamate and acetylcholine have molecular masses of 147 D and 146 D, respectively. These somewhat smaller molecules should pass through a fusion pore a bit more rapidly ([@bib15]), but this difference will not have a major impact, so the result for catecholamine should be applicable to excitatory synapses. [Eq. 3](#e3){ref-type="disp-formula"} is an improvement over previous efforts to address this issue in that it does not depend on assumptions of pore geometry; we did not require an estimate of its radius. By using the flux to conductance ratio ([@bib43]) and experimental measurements of the conductance of relevant fusion pores, we can estimate the speed of transmitter expulsion. The result clearly indicates that the conductance of initial pores formed by fusing synaptic vesicles would not allow transmitter expulsion with sufficient speed and would increase the synaptic delay above that observed.

The interplay between the rate of release and the rate of diffusion radially away from the site of release provides another basis for assessing the need for speed. The synaptic cleft provides space for diffusion, and after passing through the fusion pore, diffusion within the synaptic cleft will dilute the transmitter. This may prevent the local concentration from getting high enough to activate postsynaptic receptors. To activate receptors, neurotransmitter must come out faster than this radial diffusion. This problem has been studied with simple diffusion models ([@bib69]) as well as sophisticated computer models ([@bib27]; [@bib116]; [@bib128]). The sophisticated models are generally overkill because the underlying process is simple. Flux through the fusion pore will increase the number of transmitter molecules in the cleft according to [Eq. 2](#e2){ref-type="disp-formula"}. At a given time *s*, the total number of released molecules will increase by *N*~0~α*e*^−α^*^s^*d*s*. This addition of molecules to the cleft will initially have a sharply peaked distribution (a delta function) and will spread out so that at a later time *t* the distribution will be described by the solution to the diffusion equation in two dimensions:$$N_{s}\left( z,t \right) = \frac{N_{0}\alpha e^{- \alpha s}ds}{4\pi D\left( t - s \right)}e^{- z^{2}/4D{(t - s)}},$$where *z* is the radial distance within the cleft from the release site. Integrating over these increments from the time of fusion pore opening, *s* = 0, to a later time, *s* = *t* (convoluting [Eq. 4](#e4){ref-type="disp-formula"} with the exponentially decaying release rate), then gives the time course of molecule number as a function of position and time:

N

(

z

,

t

)

=

N

0

α

4

π

D

∫

0

t

e

−

α

s

e

\-

z

2

/

4

D

(

t

−

s

)

t

\-

s

d

s

.

[Eq. 5](#e5){ref-type="disp-formula"} was integrated numerically at *z* = 0 (directly under the release site) and *N*(*z*, *t*) converted to concentration. The calculation incorporated a measured diffusion constant of glutamate in the synaptic cleft of a cerebellar excitatory synapse of 0.33 µm^2^/ms ([@bib98]), *N*~0~ as 1600 ([@bib32]), and α = 1/τ from [Eq. 3](#e3){ref-type="disp-formula"}. [Fig. 8](#fig8){ref-type="fig"} plots the results for a few different values of fusion pore conductance. With a fusion pore conductance of 1 nS, transmitter concentration rapidly rises to levels \>1 mM, which is sufficient to activate AMPA-type glutamate receptors ([@bib27]). However, as already noted, 1 nS is over an order of magnitude larger than fusion pores associated with synaptic vesicles. With smaller values of γ, the subsynaptic concentration cannot rise to levels high enough to activate glutamate receptors to the degree that must occur. This analysis confirms prior work but without assumptions of the geometry or structure of the fusion pore.

![**The time course of concentration within the synaptic cleft.** The concentration directly under the release site was obtained by integrating [Eq. 5](#e5){ref-type="disp-formula"} at *z* = 0. α was calculated from [Eq. 2](#e2){ref-type="disp-formula"} for the indicated values of conductance. *N*~0~ = 1,600 ([@bib32]) and *D* = 0.33 µm^2^ ms^−1^ ([@bib98]). To convert to *N* to concentration a thickness of the synaptic cleft was taken as 20 nm.](JGP_201611724_Fig8){#fig8}

This analysis strengthens the aforementioned conclusion that the initial fusion pores formed by vesicles during fusion are much too small to support rapid synaptic transmission. Synaptic release depends on formation of a later stage in the evolution of the fusion pore. Some expansion must occur. Kiss-and-run release is still possible, but closure must occur after the pore has expanded to a size corresponding to a conductance in the order of 1 nS.

Conclusions and future directions {#s24}
=================================

A large body of work using several different experimental techniques has demonstrated that fusion pores are dynamic and can assume multiple functionally distinct states. During Ca^2+^-triggered exocytosis, cells can regulate which of these states form, how long they last, whether they grow or shrink, and whether they resolve to full membrane merger or reverse and reseal. Several studies have shown that fusion pores can filter molecules of different sizes and that pore selectivity can be shaped by the conditions used to elicit secretion. The next challenge is connecting this selectivity to the putative structures for fusion pores. We will need a better understanding of these structures to assign functions to the molecules of the fusion apparatus.

The nature of the initial fusion pore is critical to the mechanism of exocytosis. Whether the initial fusion pore is lipid or protein defines the underlying process as one in which lipids are the primary actors and engage with the assistance of proteins, or proteins are the primary actors, taking the initiative and forcing the lipids to follow. This relates to the broader poorly understood questions of physical mechanisms by which proteins shape and remodel membranes.

A general trend that has emerged from the work on fusion pores is that smaller fusion pores tend to have properties more closely aligned with a protein composition, whereas larger fusion pores behave as expected for curved lipid bilayers. The lipidic pore ([Fig. 1](#fig1){ref-type="fig"}, state 5) can account for virtually all of the observations of large fusion pores formed after an initial delay, but with small pores neither the purely proteinaceous structure ([Fig. 1](#fig1){ref-type="fig"}, state 3) nor purely lipidic structure accounts for all of the experimental results. The proteinaceous model is consistent with the effects of TMD mutations ([@bib51]; [@bib50]; [@bib20]; [@bib10]), structural work on the synaptobrevin--synaptophysin complex ([@bib1]), low conductance ([@bib70]; [@bib54]; [@bib61]), ease of reversal ([@bib56]), and low initial membrane bending strain ([@bib142]; [@bib19]). However, the small number of SNAREs required for fusion ([@bib91]; [@bib125]; [@bib112]; [@bib10]) indicates that the pore must contain other proteins (non-SNAREs) or lipid, and the observation of lipid flux before aqueous pore opening ([@bib146]) indicates the pore must contain lipids. To reconcile the large bodies of data that point to both types of initial fusion pore, it may be necessary to consider a new class of models that are neither entirely protein nor entirely lipid. Fusion pores may be composite or hybrid, with a structure not pictured in [Fig. 1](#fig1){ref-type="fig"}.

The idea of a composite protein--lipid fusion pore has been proposed on several occasions ([@bib150]; [@bib64]; [@bib60]; [@bib34]; [@bib10]), but discussions of explicit structures have been limited. The problem is that it is difficult to come up with plausible models. [Fig. 9](#fig9){ref-type="fig"} presents a few ideas for fusion pores composed of protein and lipid, including some with synaptophysin. One might hypothesize that a lipid monolayer forms a continuous lining around a proteinaceous channel that is either closed ([Fig. 9](#fig9){ref-type="fig"}, model 1) or open ([Fig. 9](#fig9){ref-type="fig"}, model 2). This monolayer connects the cytoplasmic leaflets of the vesicle and plasma membrane and would allow both lipid transport and contact of TMD residues with the aqueous pore lumen. This idea can readily be extended to include synaptophysin ([Fig. 9](#fig9){ref-type="fig"}, model 3). This model requires an extreme amount curvature in the fused proximal monolayer and also requires a large number of TMDs to fully encompass the pore. These models can account for early lipid transfer, but if the pore is entirely surrounded by SNARE TMDs, the number of SNAREs would exceed experimental estimates. Incorporating synaptophysin would reduce the number of synaptobrevin TMDs, possibly reconciling the need for only two copies ([@bib112]). Furthermore, although several TMDs of syntaxin would still be required, if they are paired with fewer synaptobrevins, some of the unpaired syntaxin SNARE motifs could be incorporated into heterodimers with SNAP-25 ([@bib35]), possibly reconciling the need for only three copies of SNAP-25 ([@bib91]). One might also hypothesize that both TMDs and lipids surround the aqueous lumen ([Fig. 9](#fig9){ref-type="fig"}, models 4--6). In such structures, the TMDs would interact with the aqueous lumen, but fewer TMDs would be needed. Such fusion pores would require extreme membrane curvature, but the amount of lipid bilayer strained in this way would be lower than in a purely lipidic pore of the same size. In such a pore, the TMDs could serve as a boundary, with hydrocarbon chains on one side and polar head groups on the other ([Fig. 9](#fig9){ref-type="fig"}, models 4--5). Alternatively, the TMDs could be lodged near the headgroups, as has been seen in protein--lipid pores through bilayers formed by a Bax-derived peptide ([@bib102]). But this would require pulling some of the SNARE motif and linker into the bilayer and taking a shorter segment of the TMD as pore liner ([Fig. 9](#fig9){ref-type="fig"}, model 6).

![**Composite lipid--protein fusion pores.** SNAREs are green; synaptophysin TMDs are pink. Models 1--3 illustrate continuity of the proximal monolayer of the vesicle and plasma membrane outside a proteinaceous fusion pore. These models have no contact between phospholipids and the aqueous pore lumen. Models 4--5 illustrate lipid headgroups of a bilayer that forms a pore in which lipid and protein alternate along the walls. Model 6 illustrates protein TMDs lodged among the headgroups of a lipidic fusion pore.](JGP_201611724_Fig9){#fig9}

The structures put forward in [Fig. 9](#fig9){ref-type="fig"} all have problems, and their plausibility may not hold up to critical examination, but it is important for investigators to start thinking more explicitly about composite lipid--protein fusion pores. Furthermore, these models can be tested. They make different predictions about the time of establishing a lipid connection between the distal and proximal monolayers. So far, only the proximal monolayer has been examined in cellular exocytosis ([@bib146]). These models could also be tested by estimating minimal numbers for all three synaptic SNAREs, as well as synaptophysin, in the same cellular system. Finally, it will be worthwhile to test the role of synaptophysin TMDs in fusion pores.

It is quite possible that there are fusion intermediates that have yet to be imagined, and thoughtful modeling of lipid--protein interactions may provide new ideas for experimental testing. Further work and improvements in techniques for studying fusion pores are certain to open up new possibilities and improve our understanding of the structure and composition of different fusion intermediates. By understanding the nature of these states and how cells control the progression, we will realize the goal of having a detailed mechanism of membrane fusion. This will in turn enhance our understanding of important biological processes in the regulation of chemical signaling.
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